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Summary of today’s talk
 Scientific findings providing insights into cancer mechanisms play
an increasingly important role in carcinogen hazard identification

* The key characteristics of known human carcinogens provide the
basis for a knowledge-based approach to evaluating mechanistic
data rather than a hypothesis-based one like MOA/AOP

* Shows carcinogens tend to act through multiple mechanisms in
producing the hallmarks of human and animal tumors

* Recent IARC Monograph, EPA, CalEPA and NTP evaluations have
illustrated the applicability of the KC approach

* May be compatible with HT assays, but need to develop new ones
based on characteristics and hallmarks. Same for biomarkers.

* Key characteristics for other forms of toxicity are being developed
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Integration of evidence to decide if
a chemical is a human carcinogen?

Human studies — epidemiology |

Animal studies — usually rodent bioassays —
lifetime chronic{ or shorter transgenic assays?

In vitro studies

1 —e.g. Tox21/Toxcast

Mechanistic data — Provides biological
plausibility and increasing in importance
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Who decides if a chemical
is a carcinogen?

International Agency for Research on Cancer (IARC
—WHO) - Groups 1, 2A, 2B, 3, 4

EPA — Groups A, B1, B2, C etc.

NTP — Report on Carcinogens

Cal Prop 65 — Often by adopting other authorities
Others — FDA, EU, Japan etc.
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Definitions of the IARC Classifications

Classification | Definition

Group 1 Carcinogenic to humans

Group 2A Probably carcinogenic to humans

Group 2B Possibly carcinogenic to humans

Group 3 Not classifiable as to its carcinogenicity to humans
Group 4 Probably not carcinogenic to humans
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“The Encyclopaedia of Carcinogens”

Agents are recommended by international advisors based on:

» Evidence of human exposure
» Some evidence or suspicion of carcinogenicity

More than 980 agents have been evaluated

118 are carcinogenic to humans (Group 1) Lorenzo Tomatis
79 are probably carcinogenic to humans (Group 2A) 1929-2007
290 are possibly carcinogenic to humans (Group 2B)
503 are not classifiable as to its carcinogenicity to humans (Group 3)
1is classified as probably not carcinogenic to humans (Group 4)

VVVYY

National and international health agencies use the Monographs
» To identify carcinogens

Soon after the IARC was founded 50 years ago, Lorenzo Tomatis had the great idea of creating a uniform classification
system for carcinogens, based on objective criteria
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How Are the IARC Monograph
Evaluations Conducted?
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PREAMBLE

Lot terese

Procedural guidelines for
participant selection,
conflict of interest,
stakeholder involvement
& meeting conduct
Separate criteria for
review of human, animal
and mechanistic evidence
Decision process for
overall evaluations

Preamble to the IARC Monographs (2006}:
hitp://monggraphs.iarc fr/ENG/Preamble/index.php
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Preambile to the IARC Monographs (2006):
hitp://monographs iarc fr/ENG/Preamble/index.php
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' Is Evidence Evaluated?

Cancerin
humans

Cancer in
experimental animals

Mechanistic and
other relevant data

—Part B, Section 6(c)

The categories for mechanistic data are strong, moderate or weak, reflecting the level of mechanistic support for a causal
relationship. The evaluation of these data, as for studies of cancer in humans and animals, also involves ideas of

consistency and coherence
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Mechanistic Data Are Pivotal When Human Data Are

Not Sufficient (Example 1)
EVIDENCE IN EXPERIMENTAL ANIMALS

Sufficient Limited Inadequate

Sufficient

Group 2B (possibly carcinogenic)

{mweptionally, Groug 24)

Limited

Group 2

(possibly carcinogenic)

Inadequate Group 3 (not classifiable)

EVIDENCE IN HUMANS

Strong supporting evidence in exmge@ﬁ humam
{e.q. EtO, NNK, NNN, Dioxin} 3

Mechanistic data are taken into account at the next stage: if the human data are less than sufficient, mechanistic evidence
can modify the default evaluation based on human and animal data. The Preamble provides guidance for how this is
done. For example, strong mechanistic evidence from studies of exposed humans can result in an upgrade to Group 1
from 2A or even 2B if there is sufficient evidence in animals.
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http://monographs.iarc.fr
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Mechanistic Data Are Pivotal When Human Data Are

Not Sufficient (Example 2)
EVIDENCE IN EXPERIMENTAL ANIMALS

Sufficient Limited Inadequate
2
=t Sufficient
=
2
= Limited Group 2B (possibly carcinogenic)
o {mxeeptionaliy, Groun 283
Lhad
(J
&
Group 2B
8 Inadeguate roup _ Group 3 (not classifiable)
@ {possibly carcinogenic)

Strong evidence; mechanism also operates in humans
{e.g. Dibenzanthracene, nitrosodiethylamine)

As another example, if there is sufficient evidence in animals and strong mechanistic evidence from experimental studies
in animals or in vitro, but not in exposed humans, an upgrade from 2B to 2A is possible.
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Mechanistic Data Are Pivotal When Human Data Are

Not Sufficient (Example 3)
EVIDENCE IN EXPERIMENTAL ANIMALS

Sufficient Limited Inadequate
2
T Sufficient
e
=2
= Limited Group 2B (possibly carcinogenic)
o {mxeeptionaliy, Groun 283
Lhad
(J
&
Group 2B
8 Inadeguate roup | Group 3 (not classifiable)
@ {possibly carcinogeni

Strong evidence: mechanism in animals DOES NOT
operate in humans {e.g. Limonene, saccharin)

Finally, it's important to mention that a Group 2B agent classified only on the basis of sufficient animal data can be
DOWNGRADED if there is strong evidence that the mechanism observed in animals doesn’t operate in humans.
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ata: Challenges

e Different human carcinogens may
operate through distinct
mechanisms

e Many human carcinogens act via
multiple mechanisms

e There is no broadly accepted,
systematic method for evaluating
mechanistic data to support
cancer hazard identification

IARC Monographs
Volume 100
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So Many Studies, So Little Time...

@

Cancer in
humans

Cancer in
animals

Mechanistic
data

10-100s
of studies

10s of
studies

i00s to
10,000s .
of studies

How to search
systematically for
relevant mechanisms?
How to bring uniformity
across assessments?
How to analyze the
voluminous mechanistic
database efficiently?
How to avoid bias
towards favored
mechanisms
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IARC Monographs Volume 100: The known causes of human cancer by organ site
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HALLMARKS OF CANCER

. Sustaining proliferative signaling
. Evading growth suppressors

. Resisting cell death

Inducing aberrant angiogenesis

1
2
3
4. Enabling replicative immortality
5
6

. Activating invasion & metastasis

Emerging Holimarks
¢ Reprogramming energy metabolism

* Evading immune destruction

Enubling Chorocteristics

S ¢ Genomic instability and mutation
\\\\\\\\\\k\\%\ .

Inflammation

‘\\ " h
‘*\«-*-—CEz'kab!ing Chgractevistios } Sl ; Hanahan and Weinberg 2011
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Chemicals disrupt multiple hallmarks

Kleinstreuer N.C. et al. In vitro perturbations of targets in cancer hallmark
processes predict rodent chemical carcinogenesis. Toxicol. Sci., (2013) 131,

40-55.
Chemical HM1 HM2 HM3 HM4 HMS5 HM6 HM7 HM8 HMS HMI10 TOTAL
Chemical 1 4 X X X X X 7
Chemical 2 X X X 3
Chemical 3 X X 2
Chemical 4 % X X X X X 6

Tested 292 chemicals in 672 assays and successfully correlated the most
disruptive chemicals {i.e. those that were most active across the various
hallmarks) with known levels of carcinogenicity.

EPA tested a proposal for characterizing the carcinogenic potential of chemicals in humans, using in-vitro high-throughput
screening (HTS) assays.

The selected HTS assays specifically matched key targets and pathways within the Hallmarks of Cancer framework.

The authors tested 292 chemicals in 672 assays and were successfully able to correlate the most disruptive chemicals
(i.e. those that were most active across the various hallmarks) with known levels of carcinogenicity.

Chemicals were classified as ‘possible’/‘probable’/likely’ carcinogens or designated as ‘not likely’ or with ‘evidence of non-
carcinogenicity’ and then compared with in-vivo rodent carcinogenicity data in the Toxicity Reference Database to
evaluate their predictions. The model proved to be a good predictive tool, but it was developed only as a means to help
the EPA prioritize many untested individual chemicals for their carcinogenic potential (i.e. in order to establish priorities for
individual chemical testing (29)).
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echanisms of

roup 1 Carcinogens
[KZ Guyton....MT Smith, Mut Res 681; 230, 2009]

Carcinogen
Mechanisms Aflatoxin B1 Arsenic Asbestos Benzene
DNA damage + + - +
Gene mutation + - + -
Chrom mutation + + + +
Ageupioidy s . s .
' + + +

_Epigenetic
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Dilemma: Cancer or Carcinogens

e Hallmarks are the biological characteristics of
cancer cells and tumors in general, NOT the
characteristic properties of human carcinogens

* Need to identify the key characteristics of
human carcinogens

e |ARC Working Group did this in 2012 and
subsequently scientists at EPA, IARC and
elsewhere determined how these
characteristics could be searched for
systematically
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. Is electrophilic or can be metabolically activated

. Is genotoxic

. Alters DNA repair or causes genomic instability

. Induces epigenetic alterations

. Induces oxidative stress

. Induces chronic inflammation

. Is immunosuppressive

|55
GNGMAWNH,};

. Modulates receptor-mediated effects

9. Causes immortalization

10. Alters cell proliferation, cell death, or nutrient
supply

Smith MT, Guyton KZ, Gibbons CF, Fritz IM et al.. Env Health Persp., 124(6):713-21

Established human
carcinogens commonly exhibit
one or more characteristics

Data on these characteristics
can provide evidence of
carcinogenicity

They can also help in
interpreting the relevance and
importance of findings of
cancer in animals and in
humans.
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arent compound or metabolite with an electrophilic
tricture (e 2. eboxide guinone, et} formation of DNA and
totein adducts,

DNA damage {(DNA strand breaks, DNA-protein cross-links,
nscheduled DNA synthesis), intercalation, gene mutations,
ytogenetic changes [e.g., chromosome aberrations,
micronuclei).

Iterations of DNA replication of repalr (o2 topolsomerase
I hase:excision or double-strand break repair)

DNA methylation, histone modification, microRNA expression

Oxygen radicals, oxidative stress. oxidative damage to
macromolecules (sg., DNA, lipids)
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levated white blood cells, myeloperaxidase activity altered
ytokine and/or chemokine production

Decreased immunosurveillance, immune system
ysfunction

ecoptor in/activation e g ER PPAR AhR) of modulation
fendogenaus ligands (including hormones)

nhibition of senescence, cell transformation, altered
elomeres

necreased proliferation, decreased apaptosis changes in
rowth factors, energetics and signaling pathwavys related to
ellular replication of cell cyele cantrol angiogenesis
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A Hallmark versus a Key Characteristic
* A Hallmark describes what /S

» A Key Characteristic (KC) describes
Something that makes “what is” happen
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INTEGRATION OF THE KCs WITH HALLMARKS
Characteristics 1,2,4 and 8 can influence all Hallmarks

Key Characteristics Hallmarks

1. Is electrophilic or can be metabolically 1. Genetic Instability

activated 2. Sustained Proliferative Signalling
2. Is genotoxic 3. Evasion of Anti-growth Signalling
3. Alters DNA repair or causes genomic 4. Resistance to Cell Death
instability . . . 5. Replicative Immortality

4. Induces ep!ger\_etlc alterations 6. Dysregulated Metabolism

5. Induces omdat‘lv'e stress _ 7. Immune System Evasion

6. Induces chronic inflammation 8. Angiogenesis

7. Is immunosuppressive 9. Inflammation

8. Modulates receptor-mediated effects

X o 10. Tissue Invasion and Metastasis
9. Causes immortalization

10. Alters cell proliferation, cell death, or PLUS - Tumor Microenvironment
nutrient supply

KCs act by disrupting Hallmark processes — Conclusion of Working
Group convened in Berkeley, August 21-22, 2018
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INTEGRATION OF THE KCs WITH HALLMARKS
Characteristics 3,5,6,7,9,10 influence specific Hallmarks

KC3: Alters DNA Repair or Causes Genomic Instability

(Hallmark) Genetic Instability

KC5: Induces Oxidative Stress

(Hallmark) Dysregulated Metabolism

KC8: Induces Chronic Inflammation

(Hallmark) Inflammation

KC7: Is Immunosuppressive

(Hallmark) Immune System Evasion

KC9: Causes Immortalization

(Hallmark) Replicative Immortality

KC10: Alters Cell Proliferation, Cell Death, or Nutrient
Supply

(Hallmark) Sustained Proliferative Signalling
(Hallmark) Evasion of Anti-growth Signalling
(Hallmark) Resistance to Cell Death
(Hallmark) Angiogenesis

NO KCs

(Hallmarlk) Tissue Invasion and Metastasis
(Hallmark) Tumor Microenvironment

Several KCs act by disrupting specific Hallmark processes — From Leroy Lowe’s
presentation to Working Group convened in Berkeley, August 21-22, 2018
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According to Bill Goodson from Kansas City the
KCs were bound to integrate with the Hallmarks

Exception: KC and the Sunshine Band are from Florida
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Applications of the KCs

Searching the literature — Set of MeSH terms
developed — Facilitate systematic review

|dentify data gaps

Development of MOA/AOP or networks
Improve predictive toxicology

Better understanding of cumulative risk
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10 KOs in Literature Soreening (e,
. Distilier)

Slide from
Catherine
Gibbons,
EPA

33

10 KCs provide tags for preliminary screening; we are working on a list of standardized, customizable tags based on
commonly associated endpoints and assays for each characteristic (similar to IARC’s list) to provide another level of
screening. This is a screenshot from Distiller, but HAWC is also effective for screening, though Distiller records selections
from multiple reviewers and identifies conflicts. We primarily use HAWC to record study evaluation decisions, to extract
data from human and animal studies, and to create fables and visualizations; right now, we don't have immediate plans to

extend this to mechanistic/in vitro studies.
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18 Ks in automated Hterasture sorting
and screening (SWIFT)
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34

SWIFT uses machine leaming approaches that will sort studies by key characteristic, based on looking at existing
searches used by IARC, RoC, and working with an NIEHS information scientist, but these are a few years old and need fo
be updated and optimized, which we will work with them on. Right now it is most useful for getting a general idea of what
a database looks like, or to identify and prioritize specific studies of a given type in a database, allowing the user to “teach”
the program what studies are most relevant while screening. SWIFT does offer a lot of flexibility, the pre-set searches in
SWIFT Review can be adjusted by the user.
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Application of the KCs at IARC

Use the KCs to:

* |dentify the relevant mechanistic information
* Screen and organize the search results

e Evaluate quality of the identified studies

 Summarize the evidence for each KC as strong,
moderate or weak and determine if it operates in
humans or human in vitro systems
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C Monographs Evaluations

Penta- 1 Sufficient Stifficient ls metaholically activated, is genotoxic, induces oxidative stress, modulates

chlorophenol receptor-mediate effects; alters cell proliferation or deathi (1, 2, 5.8, & 10)

Welding fumes 1 Sufficient Sufficient Are immunosuppressive, induce chronic inflammation (&, 7)

DDT DA Limited Sufficient Modulates receptor-mediated effects, is immunosuppressive indiices oxidative
stress (5.7.8)

Dimethyl- 2A Limited Sufficient Is metabolically activated, induces oxidative stress, alters cell proliferation (1,

formamide 5, 10)

Tetrabromos Inadegquate Sufficient

bisphenol A

Tetrachloro- Inadequate Sufficient

azobenzene

1TO, melamine 2B Inad igte Sufficient nd chronicinfiammation (8)

Parathion, TCP 2B Inadequate Sufficient

*QOverall evaluation upgraded to Group 2A with supporting evidence from other relevant data
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Key Characteristics with Strong Evidence across Multiple Evaluations
(IARC Monographs Vol. 112-119)
Induces oxidative stress
o Is genotoxic
'§ Induces chronic inflammation
§ Alters cell prolif./death/nutrient supply
£=
‘; Is electrophilic/metabolically activated
(]
= Is immunosuppressive
& Group 1/2A
Modulates receptor-mediated effects i Group 2B
N.B. Group 2B generally less studied 0 2 4 6 8 10
- significant data gaps - Number of agents with strong evidence
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Applications of the KCs

* Development of MOA/AQOP or networks
* Improve predictive toxicology
* Better understanding of cumulative risk
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Use of the KCs by the NTP Report on Carcinogens
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Benzene Example: Incorporating Mechanistic Data on KCs into a
Mode of Action /Adverse Qutcome Pathway (AOP)

Benzene Exposure

Proposed mode of action of
benzene-induced leukemia:
Interpreting available data and
identifying critical data gaps for
risk assessment.

Metabolic Activation

Meek ME, Klaunig JE.

Chem Biol Interact. 2010, 184(1-
2):279-85.

Proliferation

An overview of how benzene induces 8 of the key characteristics in a probable mechanism of carcinogenicity. A full
review of these mechanistic data is given in (McHale et al. 2012), from which this Figure was adapted
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Benzene Example: Incorporating Mechanistic Data on KCs into a
Mode of Action /Adverse Qutcome Pathway (AOP)

Benzene Exposure

Modulation of
receptor

Metabolic Activation

Genotoxicity

alterations

Proliferation

An overview of how benzene induces 8 of the key characteristics in a probable mechanism of carcinogenicity. A full
review of these mechanistic data is given in (McHale et al. 2012), from which this Figure was adapted
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Benzene Example: Incorporating Mechanistic Data on KCs into a
Mode of Action /Adverse Qutcome Pathway (AOP)

Benzene Exposure

Modulation of
receptor

Oxidative Stress Metabolic Activation

Altered DNA Repair

Epigenetic
alterations

Altered Cell

An overview of how benzene induces 8 of the key characteristics in a probable mechanism of carcinogenicity. A full
review of these mechanistic data is given in (McHale et al. 2012), from which this Figure was adapted
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Benzene Example: Incorporating Mechanistic Data on KCs into a
Mode of Action /Adverse Qutcome Pathway (AOP)
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An overview of how benzene induces 8 of the key characteristics in a probable mechanism of carcinogenicity. A full
review of these mechanistic data is given in (McHale et al. 2012), from which this Figure was adapted
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Benzene Example: An Adverse Outcome
Involving 8 Key Characteristics

Benzene Exposure

Metabolic Modulation of
receptor

Genotoxicity

Altered DNA Repair

pig
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Immunosuppression Altered Cell
Proliferation

An overview of how benzene induces 8 of the key characteristics in a probable mechanism of carcinogenicity. A full
review of these mechanistic data is given in (McHale et al. 2012), from which this Figure was adapted
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Limitations of MOA/AOP Approach

e Biology is not linear — influenced by feedback mechanisms,
repair, background, susceptibilities...Network of systems

* Multiple ways to arrive at same conclusion — Does not fit
with Causal Pie concept

* Limited by the current understanding of the disease process
(recognized by Sir Bradford Hill, who noted that “what is
biologically plausible depends upon the biological
knowledge of the day”)

* Key events are supposed to be quantifiable but in reality
they may be impossible to measure
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Rothman's Causal Pies
Three causal pies each with various components.

Byetfioiont Erapficdond SuPlicient
Lo fosune Lostnnes

§ # L

MOA/AOP approach does not fit with Rothman’s causal pies concept
which envisages multiple combinations of causes producing a disease
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Limitations of MOA/AOP Approach

* Limited by the current understanding of the disease process
(recognized by Sir Bradford Hill, who noted that “what is
biologically plausible depends upon the biological
knowledge of the day”)

* Key events are supposed to be quantifiable but in reality
they may be impossible to measure
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Limitations of MOA/AOP Approach

(continued)
« MOA/AOP may be incomplete or wrong [e.g.

DEHP — Rusyn and Corton (2012)]

* Focus on ‘favorite’ mechanism may introduce
bias, especially on committees and public
databases

 How many ‘validated” AOPs needed for 100K
chemicals producing 100s of adverse outcomes in
different ways?
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Key characteristics don't require risk
assessor to guess the mechanism

» Mechanistic hypotheses in science are beneficial
because if you test it and are wrong then you
modify the hypothesis and get closer to the truth

* Mechanistic hypotheses in risk assessment are
problematic because if you are wrong you may
have made a bad risk decision that cannot easily
be changed and may have caused medical or
economic harm
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New National Academy of Sciences report
released January 5, 2017

Using 21st Century Science to Improve Risk-Related Evaluations

260 pages | 6 x9 | PAPERBACK
[SBN 978-0-309-45348-6 | DOI: 10.17226/24635

AUTHORS

Committee on Incorporating 21st Century Science into Risk-Based
https://www.nap. Evaluations; Board on Environmental Studies and Toxicology;
edu/download/24  Division on Earth and Life Studies; National Academies of Sciences,
635 Engineering, and Medicine
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Using 21st Century Science to Improve Risk-
Related Evaluations - Comments

* The KC “approach avoids a narrow focus on specific pathways and
hypotheses and provides for a broad, holistic consideration of the
mechanistic evidence.” (P.144)

*  “The committee notes that key characteristics for other hazards,
such as cardiovascular and reproductive toxicity, could be developed
as a guide for evaluating the relationship between perturbations
observed in assays, their potential to pose a hazard, and their
contribution to risk.” (p.141)

e Through a project funded by OEHHA (Cal EPA), KCs for reproductive
toxicants and endocrine disruptors have been developed
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Working Group on KCs of Endocrine
Disruptors and Reproductive Toxicants

Berkeley CA, March 7-8, 2018
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Using 21st Century Science to Improve Risk-
Related Evaluations - Recommendation

“The committee encourages the cataloging of pathways, components,
and mechanisms that can be linked to particular hazard traits, similar
to the IARC characteristics of carcinogens. This work should draw on
existing knowledge and current research in the biomedical fields
related to mechanisms of disease that are outside the traditional
toxicant-focused literature that has been the basis of human health
risk evaluations and of assessments and toxicology. The work should
be accompanied by research efforts to describe the series of assays
and responses that provide evidence on pathway activation and to
establish a system for interpreting assay results for the purpose of
inferring pathway activation from chemical exposure.” (p.156)
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ToxCast Assays (>800 endpoints)
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Breast
Vascular
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Prostate
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inflammatory  Bone
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viability reporter
morphology reporter
conformation reporter
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membrane potential reporter
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gNPA and ELISA
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Alamar Blue Reduction
Arrayscan / Microscopy
Reporter gene activation
Spectrophotometry
Radioactivity
HPLC and HPEC
ELISA.

ED_002435_00006420-00055




ED_002435_00006420-00056



What Next for the Key Characteristics?

e Refinement of definitions and listing of all assays
for each characteristic

* Development of HT assays specific for each
characteristic — A CarciCAST — Testing of new
drugs and chemicals (see Fielden et al. 2017)

* Key characteristics of other endpoints —
cardiovascular toxicity; developmental toxicity
etc.
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Use of KC’s for assessment of therapeutics

sy of Humran Larcinogens : On/off-target pharmacology

Genome Epigenetic Oxidative
Instability Alterations Stress

Metabolic Genotoxicit Chronic Immune- Growth
Activation i Inflammation Suppression Control

A ... __
. In vitro hazard 1D :
% |
i In vive transiation §
: :
: Human risk :
3 assessment .
g

b R e G R G e e

Growth control: proliferation, apoptosis, immeortalization, metabolism
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What Next for the Key Characteristics?

* Key characteristics of other endpoints —
cardiovascular toxicity; developmental toxicity
etc.
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If a chemical possesses multiple key
characteristics can we classify it as a
possible/probable human carcinogen
without any animal bioassay or
epidemiological data?
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Summary
 Scientific findings providing insights into cancer mechanisms play
an increasingly important role in carcinogen hazard identification

* The key characteristics of known human carcinogens provide the
basis for a knowledge-based approach to evaluating mechanistic
data rather than a hypothesis-based one like MOA/AOP

* Shows carcinogens tend to act through multiple mechanisms in
producing the hallmarks of human and animal tumors

* Recent IARC Monograph, EPA, CalEPA and NTP evaluations have
illustrated the applicability of the KC approach

* May be compatible with HT assays, but need to develop new ones
based on characteristics and hallmarks. Same for biomarkers.

* Key characteristics for other forms of toxicity are being developed
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